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An important prediction of the standard model is the universality of
the gauge interactions of the three generation of charged leptons. Viola-
tion of this universality would be a clean evidence of new physics (NP)
beyond the standard model. In recent times anomalies in measurements
of certain B decays indicate violation of lepton universality (LUV). I will
discuss how one may probe this LUV new physics via related decays and
distributions. I will point out that LUV new physics can often lead to
lepton flavor violation (LFV) and I will discuss some promising decays to
look for LFV new physics.
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1 Introduction
At present, there are several measurements of B decays that may indicate the presence
of physics beyond the standard model (SM). In particular these measurements indi-
cate lepton universality violation (LUV). In the SM the gauge bosons couple equally
to all members of the quark and the lepton families. Hence measurement of LUV is
evidence of physics beyond the SM.
The LUV are observed in two groups- in charged current (CC) processes and in
the neutral current (NC) processes. We will discuss them separately first and then
consider how the CC and NC LUV might have a common origin.
1.1 CC LUV
The charged-current decays B → D(∗)τντ have been measured by the BaBar [1],
Belle [2] and LHCb [3] Collaborations. It is found that the values of the ratios
R(D(∗)) ≡ B(B → D(∗)τ−ντ )/B(B → D(∗)`−ν`) (` = e, µ) considerably exceed their
SM predictions. These ratios of branching fractions have certain advantages over
the absolute branching fraction measurements as they are relatively less sensitive
to form factor variations and several systematic uncertainties such as those on the
experimental efficiency as well as the dependence on the value of |Vcb| cancel in the
ratios. There are lattice determination of the ratio R(D)SM [4, 5] that are in general
agreement with one another.
R(D)SM = 0.299± 0.011, FNAL/MILC[4]
R(D)SM = 0.300± 0.008, HPQCD[5]
R(D∗)SM = 0.252± 0.003. (1)
Calculation of R(D∗)SM is not available from lattice and so one has to use SM phe-
nomenological prediction [6, 7, 8] where the form factors are obtained from fits to the
angular distributions in B → D(∗)`−ν` .
By averaging the most recent measurements, the HFAG Collaboration has found
[9]
R(D) = 0.407± 0.039± 0.024,
R(D∗) = 0.304± 0.013± 0.007, (2)
where the first uncertainty is statistical and the second is systematic. R(D∗) and
R(D) exceed the SM predictions by 3.4σ and 2.3 σ, respectively. The combined
analysis of R(D∗) and R(D), taking into account measurement correlations, leads to
a deviation is 4.1σ from the SM prediction [9].
In general there have been many analyses of the R(D(∗)) puzzles both in model
independent framework as well as in specific models (see, for example, Refs. [10, 11,
12, 13, 14, 15]).
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1.1.1 Distributions and CP violation
The new physics proposed for the R(D(∗)) puzzled can be probed in distributions
[10, 16, 17]. Some of the observables in the distributions have been measured. In the
coming years more of these will be measured. These measurements will discover or
constrain new physics and will provide important clues to the nature of new physics.
An important observable is CP violation in the distribution [16, 18] as this is free
of hadronic uncertainties. Measurement of non zero value of CP violation will be
a clear sign of new physics. The complete three-angle distribution for the decay
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Figure 1: The description of the angles θl, θ
∗ and χ in the angular distribution of
B → D∗(→ Dpi)l−νl decay.
B → D∗(→ Dpi)l−νl in the presence of NP can be expressed in terms of four kinematic
variables, q2 ( the momentum transfer squared), two polar angles θl, θ
D∗ , and the
azimuthal angle χ. The angle θl is the polar angle between the charged lepton and
the direction opposite to the D∗ meson in the (lνl) rest frame. The angle θD∗ is the
polar angle between the D meson and the direction of the D∗ meson in the (Dpi) rest
frame. The angle χ is the azimuthal angle between the two decay planes spanned by
the 3-momenta of the (Dpi) and (lνl) systems. These angles are described in Fig. 1.
The three-angle distribution can be obtained by using the helicity formalism.
We can write the angular distribution for B → D∗(→ Dpi)l−νl as [10, 19, 20, 21, 22]
d4Γ
dq2 d cos θl d cos θD∗ dχ
=
9
32pi
NF
( 8∑
i=1
Ii +
m2l
q2
8∑
j=1
Ji
)
,
(3)
where the Ii and Ji are functions of the helicity amplitudes and the helicity angles
[16].
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The complex NP couplings lead to CP violation which is sensitive to the angular
terms sinχ and sin 2χ in the distribution. The coefficients of these terms are triple
products (TP) and have the structure ∼ Im[AiA∗j ] ∼ sin(φi − φj), where Ai,j =
|Ai,j|eiφi,j . In the SM these terms vanish, as there is only one dominant contribution
to the decay and so all amplitudes have the same weak phase. Hence any non-zero
measurements of TPs are clear signs of NP without any hadronic uncertainties. For
the charged conjugate modes, the weak phases change sign and Ai,j = |Ai,j|e−iφi,j and
the TPs change sign. Even though we focus on τ final states, we should point out that
this distribution is applicable also for e and µ in the final state. Since experiments
have already studied the distributions for e, µ final states it might be worth checking
the sinχ and sin 2χ terms in the distributions for these decays for signals of non-SM
physics.
1.1.2 Other b decays: Λb → Λcτντ
There are other b decays that can be used to constrain the models discussed to
explain the R(D(∗)) measurements. It was pointed out that the underlying quark
level transition b → cτ−ντ in the R(D(∗)) puzzles can be probed in both B and Λb
decays. The Λb → Λcτντ decays could be useful to confirm possible new physics in
the R(D(∗)) puzzles and to point to the correct model of new physics. Recently, in
Ref. [23] this decay was discussed in the standard model and with new physics in
Ref. [24, 25, 26]. In Ref. [25] the following quantities were calculated within the SM
and with various new physics operators.
RΛc =
BR[Λb → Λcτντ ]
BR[Λb → Λc`ν`] , (4)
BΛc(q
2) =
dΓ[Λb→Λcτντ ]
dq2
dΓ[Λb→Λc`ν`]
dq2
, (5)
where ` represents µ or e. The value of RΛc in the SM with lattice form factors can
also be found in Ref. [27]. In a recent paper [28] the phenomenology of this decay was
studied in details with the most general new physics operators and in specific models
which have been considered for the R(D(∗)) measurements. Lattice form factors for
the Λb → Λc transitions were used for precise calculations of the above ratios. In
particular it was found that future measurements of the above ratios can strongly
constrain or rule out certain models of new physics.
1.1.3 NC LUV
The LHCb Collaboration has made measurements of B → K∗µ+µ− [29, 30] that de-
viate from the SM predictions [31]. The Belle Collaboration finds similar results [32].
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The main discrepancy is in the angular observable P ′5 [33] though the significance
of the discrepancy depends on the assumptions about the theoretical hadronic un-
certainties. The LHCb Collaboration has also measured the branching fraction and
performed an angular analysis of B0s → φµ+µ− [34, 35]. They find a 3.5σ disagree-
ment with the predictions of the SM, which are based on lattice QCD [36, 37] and
QCD sum rules [38].
To find clear evidence of new physics one should consider observables largely free
of hadronic uncertainties. One such observable is RK ≡ B(B+ → K+µ+µ−)/B(B+ →
K+e+e−) [39, 40], which has been measured by LHCb [41]:
RexptK = 0.745
+0.090
−0.074 (stat)± 0.036 (syst) , 1 ≤ q2 ≤ 6.0 GeV2 . (6)
This differs from the SM prediction, RSMK = 1±0.01 [42] by 2.6σ. Note, the observable
RK is a measure of lepton flavor universality and requires different new physics for
the muons versus the electrons, while it is possible to explain the anomalies in the
angular observables in b→ sµ+µ− in terms of lepton flavor universal new physics [43].
Recently, the LHCb Collaboration reported the measurement of the ratio RK∗ ≡
B(B0 → K∗0µ+µ−)/B(B0 → K∗0e+e−) in two different ranges of the dilepton invari-
ant mass-squared q2 [44]:
RexptK∗ =
0.66+0.11−0.07 (stat)± 0.03 (syst) , 0.045 ≤ q2 ≤ 1.1 GeV2 , (low q2)
0.69+0.11−0.07 (stat)± 0.05 (syst) , 1.1 ≤ q2 ≤ 6.0 GeV2 , (central q2) .(7)
These differ from the SM predictions by 2.2-2.4σ (low q2) and 2.4-2.5σ (central q2),
which further strengthens the hint of lepton non-universality observed in RK .
Fits to new physics with heavy mediators have been considered by several groups
but it has generally been difficult to understand the low q2 measurements with heavy
mediators [45]. There are attempts to understand the low q2 RK(∗) measurement
in terms of light mediators [46, 47]. This scenario was found to have interesting
signatures in coherent neutrino scattering[48].
1.1.4 Lepton Universality Violation and Lepton Flavor Violation
Any interesting question is whether the CC LUV and the NC LUV are related. In
Ref. [49, 50], it was pointed out that, assuming the scale of NP is much larger than
the weak scale, operators contributing to RK anomalies should be made invariant
under the full SU(3)C × SU(2)L × U(1)Y gauge group. There are two possibilities if
only left handed particles are involved:
ONP1 =
G1
Λ2NP
(Q
′
LγµQ
′
L)(L
′
Lγ
µL′L) ,
ONP2 =
G2
Λ2NP
(Q
′
Lγµσ
IQ′L)(L
′
Lγ
µσIL′L)
4
=
G2
Λ2NP
[
2(Q
′i
LγµQ
′j
L)(L
′j
Lγ
µL′iL)− (Q′LγµQ′L)(L′LγµL′L)
]
, (8)
where G1 and G2 are both O(1), and the σ
I are the Pauli matrices. Here Q′ ≡ (t′, b′)T
and L′ ≡ (ν ′τ , τ ′)T . The key point is thatONP2 contains both neutral-current (NC) and
charged-current (CC) interactions. The NC and CC pieces can be used to respectively
explain the RK and RD(∗) puzzles. In this scenario new physics affects only the
third generation but via mixing effect LUV and lepton flavor violation(LFV) effects
involving lighter generations are generated [51, 50].
In Ref. [52] UV completions that can give rise to ONP1,2 [Eq. (8)], were discussed.
These include leptoquark models and vector boson (VB) models. Concrete VB models
are discussed as in Ref. [53, 54]. Within specific models there are new LUV processes
as well as lepton flavor violating(LFV) processes. A fairly exhaustive analysis of
specific models was carried out in the recent publication[55]. Several decay modes
were discussed which in the future could distinguish among the different models. In
particular it was shown that the observation of τ → 3µ would be a clear sign of
the VB model while the observation of Υ→ µτ would point towards the leptoquark
model.
2 Conclusion
In conclusion we discussed the LUV anomalies in charged current (CC) and neutral
current (NC) B decays. We showed how related decays and angular distributions
including CP violating observables can shed more light on the CC anomalies. We
discussed framework for a joint explanation of the CC and NC anomalies. These
scenarios also typically lead to lepton flavor violating decays and we identified the
interesting modes τ → 3µ and Υ(3S)→ µτ . Observations of these modes will point
to specific models of new physics.
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